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ABSTRACT 
 
Full Name : [Mudassir Farooq] 
Thesis Title : Effects of microstructure and densification of Fe-Cr-Mo-
based alloy on the corrosion performance in chloride 
environments 
Major Field : Material Science & Engineering 
Date of Degree : March 2017 
 
This work studied the effect of the spark plasma sintering (SPS) temperature on 
the corrosion performance and behavior of a FeCrMo-based alloy in 1NHCl and 
in simulated seawater (3.5%NaCl solution) with comparison to conventional 
austenitic stainless steel and carbon steel. While the starting powder had an 
amorphous structure, the resultant sintered alloy had a nano-scale crystallite size. 
Samples sintered at 800˚C showed low densification (~ 94%), whereas, those 
sintered at 900°C exhibited higher densification (~98%). The formed phases after 
this crystallization process were nano-crystalline Cr23C6 and (Cr,Fe)2B particles 
embedded in a body-centered-cubic Fe-based matrix. Potentiodynamic 
Polarization, Linear Polarization Resistance and Electrochemical Impedance 
Spectroscopic are laboratory based tests which were conducted in this study. The 
results showed that sample sintered at lower temperature has better corrosion 
resistance as compared to the sample sintered at the higher temperature in 
1NHCl. Moreover, the corrosion resistance of the sintered samples is higher than 
both conventional alloys. The possible reasons for this higher corrosion 
xvi 
 
resistance is the formation of thicker oxide products and the presence of passive 
chromium oxide. In simulated seawater, sample sintered at higher temperature 
had better corrosion resistance than the sample sintered at the lower temperature. 
In comparison to conventional alloys, sintered alloys have inferior corrosion 
resistance than austenitic stainless steel. The cause of inferior corrosion 
resistance of 800°C sintered alloys as compared to 900°C sintered alloy are the 
presence of porosity, the absence of uniformity in formation of oxide products 
and its inability to form passive chromium oxide. The others possible factors that 
affect the corrosivity of sintered samples are nanocrystallization, grain size and 
growth of secondary phases. 
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 ملخص الرسالة
 
 : مدثر فاروق الاسم الكامل
 
تآكل والموليبدنو على ال  تتكون من الحديد والكروم سبيكةالبنية المجهرية والتكثيف الضغطي ل تأثير عنوان الرسالة
 .في بيئة تحتوي على الكلوريد
 
 التخصص: الهندسة وعلم المواد
 
 7102: مارس تاريخ الدرجة العلمية
 
مطعمة بالحديد  سبيكةشرارة البلازما على التآكل واداء  جهاز طةدرجة حرارة التلبيد بواسثير هذا العمل يدرس تأ
)، وسيقارن اداء noitulos lCaN%5.3في وجود حمض الكلوريك وكذلك في وجود ماء البحر ( موالكروم والموليبدن
ولكن بعد  ةمنتظم بنية مجهريةة لم يكن لديها الصلب. ان المادة الاولي حديدالفولاذ المقاوم للصدأ وال  مع السبيكةهذه  
درجة مئوية اظهرت تكثيف ضغطي اقل ويقدر  008التلبيد اصبحت بلورات بحجم النانو. العينات التي تم تلبيدها عند 
بعد عملية  تكونت السبيكة%. 89كانت اكثر تكثفا بنسبة  009%، بينما التي تم تلبيدها عند درجة حرارة 49بنسبة 
 التآكل ختباراتالعديد من ا .oMrCeFالمطمورة في   )eF,rC(2 Bوجزيئات rC32C6 جزيئات نانونية نمة البلور
 lacimehcortcelEو  ecnatsiseR noitaziraloP raeniLو  ecnatsiseR noitaziraloPالمخبرية مثل 
ات التي تم تلبيدها عند درجة تم استخدامها في هذه الدراسة. اظهرت النتائج بان العين cipocsortcepS ecnadepmI
حرارة منخفضة كان لديها مقاومة افضل للتآكل مقارنة  للعينات التي تم تلبيدها عند درجة حرارة عالية في وجود حمض 
المتعارف عليها، ويمكن تفسير هذا  السبائكالهيدروكلوريك. اضافة الى هذا فان العينات الملبدة لديها مقاومة اكثر من 
سميكة من الاكسيد وكذلك وجود  اكسيد الكروم. العينات التي تم تلبيدها عند درجة حرارة عالية وفي جود بتكون طبقة 
 السبائكماء البحر اظهرت مقاومة للتآكل بشكل افضل من العينات التي تم تلبيدها عند درجة حرارة اقل، ومقارنة مع 
تآكل  من الفولاذ المقاوم للصدأ. ان سبب تدني المقاومة للتآكل التقليدية وجدنا ان الصفائج الملبدة لديها اقل مقاومة لل
يعود الى وجود مسامات و عدم تشكل متجات  009درجة مئوية مقارنة عند درجة حرارة  008للعينة المتبلوره عند 
عملية  الاكسيد بشكل موحد وعدم القدرة على تكون اكسيد الكروميوم السلبي . هناك اسباب اخرى يمكن ان تأثر على
 التآكل مثل تكوين بلورات بحجم النانو وحجم الحبوب و نمو الاشكال الثنائية.
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1 CHAPTER 1 
INTRODUCTION 
Corrosion due to chloride ion is one of the major problems faced by many industries 
nowadays. Some main affected industries are  Oil, Gas & petrochemical, Pulp & Paper, 
chemical plants, etc [1]. In general, the corrosion resistance of corrosion resistive 
metals/alloys depends on passivation process. Passivation is a formation of mono oxide 
nonporous layer at metal solution interface firmly attached to metal surface and act as a 
barrier to stop the further penetration of corrosive species. The chloride ions have the 
ability to break the passive layer of highly resistive metals/alloys, for example; stainless 
steel and titanium [2].Corrosion becomes severe when chloride ions attack at low pH value. 
Although stainless steels are known as an excellent corrosion resistant materials due to the 
formation of the protective passive film, their application is limited due to the reducing 
nature of hydrochloric acid. Chloride ions attack locally over poorly formed oxide layer 
and initiate pitting corrosion [2].  
The major types of corrosion attack associated with chloride ions are localized corrosion 
and stress corrosion cracking [3]. In localized corrosion, pits are initiated on metal/alloy 
surface and penetrate inside with the passage of time. The surface of pits is covered with 
oxide products and the actual depth of pit could not be estimated without removing the 
corrosion products. The pitted area becomes stress rising point in loading condition and 
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cause catastrophic failure. That’s why, corrosion due to chloride ions is consider as more 
serious issue than uniform corrosion. 
Researchers attempt to make different composition, grain refinement, different types of 
surface treatment methods with different coating materials [5–11] to develop a corrosion 
resistive alloy with high hardness, having better tribological properties, more resistance to 
erosion-corrosion and cavitation. 
Chromium and molybdenum are known as an alloying element that can be added to 
enhance corrosion resistance. Chromium allows the formation of a thin and adhesive 
chromium oxide passive film, which protects the exposed surface. A study conducted on 
stainless steel showed that the passive film consisted of Cr2O3 and Fe2O3 [11]. Local 
defects in material form Fe+2 ions which are responsible of an unprotected oxide layer 
formation and initiate pitting corrosion at that specific area. This film retains its passivity 
in lower concentration of chloride ion. With the increase in chloride ion concentration, this 
film locally broke by the attack of chloride ion.  
Molybdenum containing higher grades of austenitic stainless steel are successfully 
employed in various chloride containing industrial environments. However, lower 
hardness & tribological properties, higher thermal expansion and chloride stress corrosion 
cracking are some main limitations of austenitic grades.  
FeCrMo ferritic/martensitic (depends on chromium percentage) stainless steel are 
considered as a good substitution of austenitic grades to overcome the discussed 
limitations. Martensitic stainless steel has better hardness as compared to austenitic grade. 
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However, in general, corrosion resistance of ferritic/martensitic grades is lower than 
austenitic stainless steel [13,14].  
Improving corrosion resistive performance of FeCrMo based alloys through various 
techniques is a significant area for research. It is found that the change in microstructural 
features have major effects on corrosion resistive performance of FeCrMo based alloys. 
These effects become more intense when FeCrMo based crystalline alloy convert into 
amorphous alloy or vice versa [15,16]. The major drawback of bulk  metallic glasses is 
their critical thickness and specialized technique for their production [17–21]. The nano-
crystalline alloys are considered as in-between crystalline and amorphous alloys system [2,  
22]. Nano-crystallization does not affect much on corrosion resistive properties of metallic 
glass [2,23] while control nano-crystallization improves mechanical [24–28] as well as 
magnetic properties [29]. It is reported that the effect of nano-crystallization on corrosion 
performance depends on surface reaction [30]. Further, the chemical composition of the 
passive layer formed over the surface is also affected by nano-sized crystallization [30]. 
In this study, a nanocrystalline FeCrMo based alloy was produced through spark plasma 
sintering technique at two optimizing sintering temperatures. The initial FeCrMo based 
alloy powder has amorphous structure while it converts into crystalline form during 
sintering. The main advantages of using sintering techniques are; final microstructure of 
bulk sample is very close to initial powder because of limited sintering time requirement 
and the possibility to achieve high percent density due to application of temperature and 
pressure simultaneously. 
To understand the transition in corrosion resistive performance due to crystallization, effect 
of microstructure, grain size and density at lower pH/acidic under reducing environment 
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(1NHCl) and medium/neutral pH (3.5%NaCl solution or simulated seawater) is the main 
scope of this research work. To provide a better understanding of fabricated material, 
carbon steel and austenitic stainless steel conventional alloys are also analyzed under 
similar experimental conditions. 
 
1.1 Research Objectives  
 
The main aim of this work is to study the corrosion performance and mechanism of 
FeCrMo-based alloy sintered by spark plasma sintering technique in chloride environment. 
The specific objectives are: 
• To study the effect of microstructure and density of the sintered samples on the 
corrosion performance and behavior in 1NHCl environments.  
• To study the effect of microstructure and density of the sintered samples on the 
corrosion performance and behavior in simulated seawater (3.5% NaCl). 
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2 CHAPTER 2 
LITERATURE REVIEW 
2.1 Corrosion in Chloride Environment  
 
The definition of corrosion according to ISO 8044-1986 is, “Physicochemical interaction 
between a metal and its environment which results in changes in the properties of the metal 
and which may often lead to impairment of the function of the metal, the environment, or 
the technical system of which these form a part”. 
Except noble metals, all metallic materials exist in nature as oxides, fluoride, hydroxide, 
etc which are the stable form of these materials. They transferred into metallic form through 
different chemical reactions by giving energy. Externally input energy disturb equilibrium 
state of material and they move to non-equilibrium “Metallic” state. The spontaneous 
transfer of metallic material from its non-equilibrium state to its equilibrium state through 
chemical reaction with their expose environment is known as corrosion. Rusting of Iron is 
a common example of corrosion [1]. 
Chloride ion is considered as one of the major corrosive constitute. It can able to deteriorate 
highly corrosion resistive alloy such as stainless steel as well as Titanium alloy (in dry 
condition). Localized corrosion (such as pitting and crevice) and chloride stress corrosion 
cracking are the major type of corrosion mechanism associated with chloride ion. Both 
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type of attacks cause catastrophic failure of material which reflects its severity and 
importance. 
Chlorine reacts with Iron to form FeCl₂. It is a non-protective scale form over metallic 
surface which allow further corrosion [31].In hydrochloric acid solution, reaction starts 
when oxygen reacts with HCl to form chlorine gas as shown in Eq. (2.1).Chlorine gas 
further reacts with Iron to form Iron chloride. In sodium chloride (a main corrosiove 
compound in seawater) solution, sodium chloride reacts with Iron oxide and forms a stable 
compound. Eq. (2.2) & Eq. (2.3) show the reaction of Iron with chloride ion in 
hydrochloric acid and sodium chloride (NaCl) solution respectively. 
2𝐻𝐶𝑙 + 0.5 𝑂2      →      𝐶𝑙2 +  𝐻2𝑂                                       (2.1) 
𝐹𝑒 + 2𝐻𝐶𝑙    →    𝐹𝑒𝐶𝑙2(𝑠) +  𝐻2                                         (2.2) 
2𝑁𝑎𝐶𝑙 +  𝐹𝑒2𝑂3 +  0.5 𝑂2    →   𝑁𝑎2𝐹𝑒2𝑂4 +  𝐶𝑙2              (2.3) 
 
2.2 Corrosion Resistive Ferrous Alloys 
 
Austenitic stainless steel, mainly an alloy of iron and chromium with minor addition of 
other alloying elements is well known with respect to its corrosion resistive behavior. This 
“stainless” behavior is usually required addition of chromium from 12-30% depends on 
exposed environment [21]. Addition of nickel further improves the corrosion resistance 
and stabilized austenitic phase at room temperature. Also, addition of nickel has beneficial 
effect against chloride ions attack. Molybdenum addition further improve the corrosion 
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resistance performance of FeCrNi alloy system. Figure 2.1 illustrates the effect of different 
alloying elements specially nickel against chloride corrosion resistive performance. 
However, low hardness and tribological properties, high thermal expansion and chloride 
stress corrosion cracking (SCC) are main limitations of austenitic grades [32]. 
 
2.3 FeCrMo Based Wrought Alloys  
 
FeCr alloy also known as Ferritic/martensitic (depends on the concentration of chromium) 
stainless steel are generally used for high temperature applications [33,34]. Their 
advantages over austenitic stainless steel include low cost and lower thermal expansion 
coefficient [32]. Chloride stress corrosion cracking (SCC) is a major issue with austenitic 
stainless steel grades encounter in industries specially in oil refineries [35]. Unsusceptible 
to chloride SCC makes Ferritic grades a good substitute to austenitic stainless steel [35]. 
However, in general, the corrosion resistance of Ferritic/martensitic stainless steel is lower 
than austenitic grades [32]. 
Chromium, a passive oxide forming element, usually used with iron as an alloying element 
for corrosion resistive applications because of its wide solubility range in iron matrix [36]. 
Chromium reacts with oxygen to form a homogenous, thin and sticky protective oxide film 
over substrate. The formed passive layer is few nano-meter (1-3nm) thick[11] which 
provide a protection against uniform corrosion [36,37]. The formed oxide layer is act as an 
barrier for further oxidation of substrate [37].  
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Figure 2.1 Represents the effect of alloying elements specially nickel on chloride corrosion. 
Courtesy : Ref [38] 
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However, the protection provided by the chromium oxide becomes limited in the presence 
of chloride ions and with decrease in pH of exposed environment [36,37]. Chloride ions 
break the passive layer, attacking locally to a specific point which result in the formation 
of pits in substrate. Addition of molybdenum to Fe-Cr alloys enhance their resistance to 
chloride attack.  
Molybdenum which act as passive film stabilizer is added to increase the resistance to 
localized corrosion [39,40]. A study conducted on Fe-Cr-Mo alloy in 1NHCl solution 
showed that addition of Mo suppressed passive film dissolution and no pitting was 
observed when 5-10% Mo was added. Same studies also showed that the composition of 
passive film formed over Fe-Cr-Mo alloy is Fe2O3-Cr2O3-MoO2 [41]. Formation of Mo 
four and six valent cations due to addition of Mo is beneficial to cover these local defects 
and improve the resistance to pitting. Mo forms a stable and insoluble chloride compound 
which decreases the concentration of chloride ion in pit area. This condition allows Cr to 
form its protective passive film again and further pit penetration become stop [42]. 
 Addition of molybdenum up to 2% in Fe-18Cr alloy significantly improves its resistance 
to corrosion and make it comparable to 316 austenitic steel in some cases [43]. From a 
study conducted on 18Cr3Mo ferritic stainless steel shows that the concentration of 
chromium and molybdenum in passive film was increased when pH changed from 7 to 10. 
In acidic condition, molybdenum addition increase the stability of chromium oxide film 
[35]. A study [44] which compare the corrosion resistive performance of 30Cr2Mo and 
30Cr ferritic stainless steel in 1NHCl, shows that the passive current density of 30Cr2Mo 
is couple of times lower than molybdenum free grade. Furthermore, the formation of 
passive MoO2 in active region is also reported in same study which is consider as a reason 
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of decrease in active dissolution current [44]. An X-ray photoelectron spectroscopy 
conducted on 30Cr2Mo stainless steel after immersion in 1NHCl also shows the presence 
of hexavalent molybdenum in surface [45]. 
From study [46], it was observed that molybdenum play a vital role against corrosion in 
acidic and neutral solution while its beneficial effect in alkaline solution is limited as 
compared to acidic and neutral solutions. Another study shows that molybdenum increase 
the breakdown potential of 18Cr3Mo ferritic steel in alkaline solution by inhibiting pit 
initiation and growth. A study conducted on 17Cr1Mo ferritic stainless steel in alkaline 
chloride solution shows that  molybdenum contribution is more in pits inhibition instead 
of facilitating quick  repassivation [47]. From another study, it was reported that 
molybdenum hexavalent ions reacts with chloride and oxygen to form an insoluble  
compounds over previously formed pits which inhibit the further penetration of pits [45]. 
However, the exact mechanism of improving corrosion resistance through molybdenum is 
not known and it is considered as anomalous. 
 
2.4 FeCrMo Based Sintered Alloys  
 
The corrosion resistance of sintered alloy is generally lower than their wrought counter part 
because of presence of residual open pores. These open pores increase the surface area of 
substrate which is exposed to corrosive environment [48,49]. Corrosive media penetrate 
inside the sintered component with immersion time and affect its passivity [49]. Also, a 
11 
 
concentration cell is developed inside the pit lead to crevice to corrosion of 
component [49]. 
 The percentage of porosity can be decrease by increasing compaction pressure, sintering 
time and temperature, initial powder shape and size, etc. A study conducted on a sintered 
stainless steel having closed pore structure shows that its corrosion resistance behavior in 
1NH2SO4 is same as its wrought counterpart [50]. Another study conducted on stainless 
steel samples shows that resistance to corrosion in 10%HNO3 improve with increasing 
sintering temperature [51].  
To analyze the effect of sintering cooling rate, a study conducted on 430L ferritic steel 
shows that a water cooled sample have better corrosion resistance as compared to furnace 
cooled sample in chloride environment [52]. Furthermore, in another study, it is observed 
that the mechanical properties of FeCrMo steels is improved with increasing sintering 
cooling rate [53]. 
 
2.5 FeCrMo Based Amorphous Alloys 
 
Researchers are on-way to develop a chloride resistive alloy by using different combination 
of alloying elements and processing techniques. Amorphous metals are a new class of 
alloys which prove their high resistance to chloride attack specially, in hydrochloric acid 
[54]. Their atomic structure is composed off short to medium homogenize cluster of atoms. 
Due to their specialized structural pattern, they show extraordinary high mechanical, 
physical and chemical properties [17,55]. Their better corrosion resistive properties in a 
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reducing environment make them a good candidate for sever working environment 
applications. 
In early stage of glassy alloys, Fe-10Cr-13P-7C shows corrosion resistance greater than 
304 stainless-steel in hydrochloric acid and proved its significance with respect to 
corrosion protection [54]. Further experiments revealed that glassy alloy have good 
resistance to localized attack in halide ion containing solutions and in reducing acid 
environment.  
Resistance to corrosion in Hydrochloric acid solution of FeCr-based amorphous alloys is 
extra-ordinarily high. In experiment, Fe-10Cr-(13P-7C or 18C) amorphous alloy do not 
show any measurable corrosion while Stainless Steel 304 grade show 1mm/year in 1M HCl 
solution. It also shows same property at elevated temperature. Hydrated chromium oxy-
hydroxide spontaneously form on its surface and passivate from surrounding. FeCrMoCB 
based amorphous alloys with Phosphorous are also valuable with respect to corrosion 
resistance. In concentrated Hydrochloric acid, their corrosion rate is from 10-3 to 10-2 
mm/year which means that 0.01mm thick sheet required one year to corrode 
completely [56]. In a study, the chromium free FeMoBC glassy alloy have corrosion rate 
0.5 mm/year in different concentration of HCl while it is decreases to 5 ×10-2 mm/year 
with the addition of 7.5 at% chromium. When the chromium content reached 30at%, the 
corrosion rate became extremely low having value around 10-3 even in 12NHCl which is 
highly aggressive environment. X-ray photoelectron spectroscopy (XPS) is a powerful tool 
to study the passive film form over substrate. A study [57] discussed the XPS analysis of 
passive film formed over FeCrMoBC glassy alloy in different concentration of 
Hydrochloric acid. The passive oxide layer is enriched with chromium oxide while 
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molybdenum and iron also contribute in oxides formation. Figure 2.2 shows the 
quantitative analysis of passive layer formed over discussed glassy alloy at different 
concentration of chromium. 
Pitting corrosion which is one of the major problems of stainless steel with respect to 
corrosion resistance and makes it unfits to apply in various environments. Fe-based 
amorphous alloys have good resistance to pitting attack. Also, they show quick re-
passivation when passive film breaks by localized attack. Research shows that no pitting 
attack is observed on Fe-Cr-Mo-C-B metallic glass in 12N Hydrochloric acid solution 
when it anodically polarized to 1.0V Ag/AgCl. A passive film which is rich in chromium 
is form on the surface. Phosphorous addition as an alloying element decrease corrosion 
rate [56]. 
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Figure 2.2 XPS analysis of FeCrMoBC metallic glass under different concentration of chromium in 1NHCl 
Courtesy: Ref[57] 
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Crevice corrosion, a major problem with nut & bolt and welding can be prevented by 
applying amorphous glassy alloy coating. An experiment show that Fe-Ni-Cr-P-B are 
susceptible to crevice first which form a wide cavity and then quickly form protective 
passive film on it. Another experiment which is done in low pH, low oxygen and oxidizing 
potential environment conforms the same result and show their high resistance to crevice 
corrosion [56]. 
Metallic glasses form supersaturated solution having chemical composition which can’t 
achievable in conventional crystalline metals. A superior corrosion resistive elements can 
be added in higher amount to form supersaturated solution having non-equilibrium meta-
stable phase. They have ability to form alloy with variety of elements such as rare earth 
metals, refractory metals and certain transition metals [57,58]. Addition of Transition 
elements in Aluminum is an example of this type of alloying. This alloying is helpful in 
improving oxide passivity and re-passivation in case of breaking of oxide film [56,59].  
The corrosion resistance of amorphous alloys depends on passive film formation. Those 
alloy systems having passive oxide forming elements such as chromium, show improve in 
corrosion resistive performance while this result is not valid in alloy systems, which do not 
contain passive oxide forming elements [14].  
Chromium and Molybdenum are two well-known elements due to their corrosion 
resistance properties when use as an alloying element in steel manufacturing. These 
alloying elements show same properties when added in Fe-based amorphous alloys. 
Chromium forms a thin and sticky chromium oxide passive film over substrate which is 
responsible of its good corrosion resistance mechanism. This film retains its passivity in 
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lower concentration of chloride ion. With the increase in chloride ion concentration, this 
film locally broke by the attack of chloride ion. Molybdenum is added to increase resistance 
to this localized corrosion [39].In case of Fe-based amorphous alloys, chromium addition 
decreases glass forming ability and it should be added in appropriate amount [58]. 
Other reasons which improves the corrosion resistance of amorphous alloys are; absence 
of crystal defects such as grain boundaries & second phase particles and formation of phase 
having homogeneous structure & composition. Defective areas have high energy where 
corrosion occurs preferentially. Another explanation of their better corrosion resistance is 
their ability to form amorphous oxide film at surface which resists the transformation of 
ions and help to slow down their movement. This film has good combination of desirable 
properties such as ductility, bond flexibility, lesser defects and quick re-passivation. 
Different researchers give various explanations to corrosion resistive phenomenon, some 
of them were discussed above. However, this area is still open.  There is need to study how 
the corrosion performance vary with crystallization and what will be the corrosion 
mechanism if the material is partially crystallize. Research to study the nature of passive 
film (i.e. it is crystallized or amorphous) is also needed more attention and supposed to be 
the future area of research work. 
 
2.6 Fe-Cr Based Nanocrystalline Alloys 
 
Nano-crystalline alloys can be considered as in-between amorphous and fully crystalline 
micro-grains alloys in term of corrosion resistive performance [60] while nano-
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crystallization have beneficial effect on mechanical [24–28] as well as magnetic 
properties [29] of amorphous alloy.  
Nano-crystallization does not deviate much the corrosion resistive performance of 
amorphous alloys [22,61] and in some cases, it is reported that nano-crystallization 
improve corrosion resistance as observed in case of Fe32Ni36Cr14P12B6, Fe72Si10B15Cr3, 
alloy [62, 63]. A study conducted on amorphous, nano-crystalline and micro-crystalline 
form of Fe73.5Si13.5B9Nb3Cu1 alloy in marine environment shows that nano-crystalline 
sample have best corrosion resistive properties. Also, change in micro-structural features 
affect morphology of corrosion product [63]. A study conducted on sputter deposit 304 
stainless steel on glass substrate having 25nm grain size, shows an improve in corrosion 
performance and breaking-down potential of film is very near to amorphous FeCr based 
alloy [60].  
Nano-grain have better corrosion resistance than micro-grain alloy of same composition. 
A Study conducted in 3.5%NaCl solution on Fe88Si12 shows that formation of nano-grain 
increase corrosion resistance as compared to micro-grain alloy due to formation of 
protective SiO2 film instead of non-protective Fe2O3 film which is form on micro-grain 
sample. Also,  there is optimal grain size at nano-scale, after that further decrease in grain 
size have negative effect on corrosion properties although the surface passive film have 
same chemical composition [64]. During a study [65], it is found that  nano-crystalline 309 
stainless steel shows better corrosion resistance in trans-passive region when it exposed to 
0.5M Na2SO4 (having pH = 2) solution as compared to micro-grain cast alloy. Similarly, a 
study conducted on nano-crystalline Ni-based coating having “Cr” as a main alloying 
element, deposited by magnetron sputtering on glass substrate, shows in improvement in 
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corrosion resistive performance specially resistance to pitting in acidic solution as 
compared to micro-grain cast alloy[66]. C.B Shen et al conduct a study on commercially 
pure bulk nano-grain and coarse grain iron in 1MHCl, which shows that nano grain 
improve corrosion resistance [67].  
Nano-crystallization also affect the composition of passive film. In stainless steel, it is 
found that higher amount of chromium is present in surface film of nano-crystallized 
sample as compared to its micro-grain counterpart [30,69–71]. Since the diffusion co-
efficient of Cr at room temperature is still low in case of nano-crystalline alloy [71], the 
main possible reason of chromium enrichment is increase in surface reactivity due to nano-
crystallization which increases the rate of Iron dissolution and enrich surface with 
chromium oxides and hydroxide species [71]. In a study [66], XPS analysis shows that 
passive film of both micro-grain cast alloy and nano-crystalline coating consists of Cr2O3. 
However, Cl-1 is present in micro-grain cast alloy film while it is absent in nano-crystalline 
sample [66]. Another study conducted on nano-crystalline Fe-10Cr alloy, it is found that 
nano-grain (20-30nm) favor enrichment of “Cr” in passive film as compared to micro-grain 
cast alloy [72].  
According to a review study [30], the effect of nano-crystallization on corrosion 
performance is dependent on the product of surface reaction. If the product is insoluble and 
resists further reaction of exposed solution, the corrosion performance of exposed material 
is improved while if the surface reaction product is dissoluble, the corrosion resistance 
decreases. 
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High volume fraction of grain boundaries and presence of small grains are main difference 
between a nano-grain and conventionally cast alloy, which seriously affect the corrosion 
behavior of metals. Nano-crystallization increase the surface activity which increase the 
rate of surface reaction [30]. The probability of segregation is decreases in these materials 
because of more grain boundaries area as compared to conventional counterpart, which 
facilitate the homogeneous distribution of second phase [73]. 
From above discussion, it can be concluded that nano grain alloys form a uniform and 
compact passive film which is enriched with corrosion resistive alloying elements such as 
chromium and have ability to inhibit corrosive species (such as Cl-1) adsorption or 
diffusion. However, The effect of nano-crystallization on passive film formation and its 
composition is not cleared yet [30]. Also, the effect of critical grain size, their spacing, 
morphology and composition on corrosion are future research directions [73]. 
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3 CHAPTER 3 
RESEARCH PROCEDURE 
The initial powder was characterized through XRD and SEM. Samples were fabricated by 
using spark plasma sintering at optimized sintering temperatures. The sintered samples 
were characterized by using XRD, SEM and XPS techniques. The corrosion performance 
of bulk samples was estimated through electrochemical laboratory based techniques. 
Furthermore, the corrosion behavior of sintered samples was analyzed through SEM and 
XPS after exposing to corrosive solutions for 27 hours. Figure 3.1 shows the systematic 
of the research methodology used in this work. 
 
3.1 Material & Its Properties 
 
Initial FeCrMoBC powder was produced by gas atomization technique.  Table 3.1 shows 
the chemical composition of the powder. Carbon steel 1080 and austenitic stainless steel 
are two conventional alloys which were selected for comparison. Carbon steel 1080 is 
simply an alloy of iron and carbon without containing any corrosion resistive alloying 
element while austenitic stainless steel contained chromium and nickel as an alloying 
element which improve its corrosion resistive performance. 
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Table 3.1 Chemical composition of initial amorphous powder 
Element Fe Cr Mo C B 
Composition (wt%) Balance 25 – 27 16 - 18 2.0 - 2.5 2.0 - 2.2 
 
3.2 Fabrication 
 
Spark Plasma Sintering (SPS) can able to consolidate powders up to high density while 
retaining initial characteristics and at lower sintering temperature. SPS be carry out in an 
equipment manufactured by “FCT-Systeme type HP D-5,” Germany. Figure 3.2 shows the 
spark plasma sintering equipment which was used in this study is available in the Center 
of Research Excellence in Nano-Technology, KFUPM 
The powder that was produced by the gas atomization process was consolidated using the 
spark plasma sintering (SPS) system. For each sample, approximately 10 g of the powder 
was placed into the graphite die. The sintering was carried out under vacuum (0.75 Torr) 
at temperatures of 800 and 900 °C. The applied uni-axial pressure was 50 MPa, the heating 
rate was 100 K/min, and the holding time was 10 min. The sintered samples were 20 mm 
in diameter and 4 mm thick.  
The density of the sintered samples was measured using the Archimedes Principle. Relative 
density was calculated by comparing with theoretical density (7.866 g/cm3), which was 
calculated according to role of mixture. 
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Figure 3.1 Systematic of research methodology 
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Figure 3.2 FCT Systeme® Spark Plasma Sintering Equipment used in this study 
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3.3 Characterization 
 
XRD was used to determine the phases in the sinter samples as well as crystallite size, 
crystal structure, etc. The one of the important property which can determine through XRD 
in this work is to know whether the sample is crystallized because of sintering or it is in 
amorphous state. Figure 3.3 shows the X-ray Diffractometer used in this study, available 
in “Center of Engineering Research”, KFUPM. 
SEM secondary electron (SE) imaging was used to identify the size, morphology and 
distribution of grains and porosity in a sinter samples. This technique is also useful to know 
other properties of a sample such as their ability to sinter at certain temperature. Back 
scattered electron (BSE) imaging was use to know the different available phases in a 
material, their size &distribution. Electron dispersive spectroscopy (EDX) was use to know 
the distribution of elements in a material. Point EDX analysis was also conduct to know 
the composition of phases present in sample. Figure 3.4 shows the Field Emission Electron 
Microsocpe used in this study which is availble in Center of Excellence in Nano-
Technology, KFUPM. 
The samples surface was analyzed by using X-ray photoelectron spectroscopy (XPS) 
technique. An X-ray beam of known energy is used to emit out photoelectrons from the 
various shells (1s, 2s, 2p, 3d,..) of a material which is placed inside the vacuum chamber. 
The emitted core electron is collected by a detector and the XPS spectrometer is used to 
analyze the kinetic energy (EK) of this electron. Based on kinetic energy, the binding energy 
is determined by using Einstein equation for photoelectric effect as shown in Eq (3.8), 
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𝐸𝐾  = ℎ𝜗 −  𝐸𝐵                                               (3.8) 
where “Ek” represent the kinetic energy of emitted photoelectron, “hϑ” is the incident 
photon energy while “ EB” is the binding energy of the electron in solid. 
The binding energy is the characteristic property of each element at its certain oxidation 
state. That is why, each element has unique photoelectron spectrum. However, in a sample 
having multi-elements, the Auger lines may overlap with photoelectron lines which makes 
analysis difficult. The possible solution to overcome such a situation is to switch one X-
rays source to another, for example; Mg Kα (1253.6eV) to Al Kα (1486.6 eV). The kinetic 
energy of Auger lines could not be affected by change in X-ray source and hence, both 
spectrum will be separate from each other.  
The XPS technique can detect electrons having energy ~ 0 – 2 keV emitted out from the 
surface of a sample exposed to an X-ray source. The emitted electron has strong interaction 
with the atoms of the sample prior to escape from the surface. A term “Escape Depth” 
represent a most probable travelling distance of the electron inside the sample without 
experiencing energy loss. The photoelectron which suffered energy loss prior to its 
emission from the surface is no longer represents characteristic energy of sample’s electron 
and contributes in formation of step-like background at higher binding energy of 
photoelectron peak. The escape depth in an energy range of 10eV to 1keV is ~ 0.2 – 5 nm 
and makes this technique to surface sensitive. The escape depth is strongly dependent on 
the emitted electron energy and the matrix. In the mentioned energy range, the escape depth 
is up to 10 nm in case of organic materials while in the presence of oxide, it is reduced to 
0.5 – 5 nm. Similarly, in case of metals, the escape depth is 0.5 – 3 nm [39,59]. The 
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electrons have maximum interaction with exposed sample at an energy, around 50 keV. 
That is why, this energy range is generally selected for core level spectrum analysis. 
The oxidation state of film formation element determined through XPS is helpful to know 
the stability of passive film and its reactions with exposed environment. This technique can 
detect all elements and their oxidation states except hydrogen and helium due to extremely 
small 1s level photoionization cross section.  Figure 3.5 shows the X-ray Photoelectron 
Spectroscope (Thermo Fisher Scientific Inc. America) used in this study which is available 
in Department of Physics, KFUPM. 
 
3.3.1 Characterization Procedure 
 
X-ray diffraction (XRD) analysis was performed using a Rigaku Ultima IV X-ray 
diffractometer equipped with a Cu Kα (wavelength, λ = 1.5406 Å) radiation source. The 
source operating at 40 kV and 40 mA. The samples were scanned at 0.2°/min over the 2θ 
range from 25° to 90°. 
For Scanning Electron Microscope (SEM) imaging of powder, small amount of powder 
particles were dispersed in ethanol. These particles were transferred to the stub having 
copper tape through dripper. A lamp was used to accelerate the evaporation rate of ethanol. 
After evaporation of ethanol, the sample was coated with gold and transferred to the SEM 
chamber. The SEM is equipped with a Schottky Field Emission electron gun manufactured 
by “TESCAN” and was used in the analysis. Imaging was done at 20 kV potential 
difference using secondary electron detector. 
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For SEM analysis, both sintered samples were grind up to 600-mesh paper and then 
polished up to 0.1µm polishing cloth using alumina solution. To remove exiting fine 
surface debris and other loose particles, the samples were sonicated in ethanol solution for 
30 minutes. After sonication, the samples were dried and immediately shifted to sputter for 
gold coating under vacuum. The coating time is 1.5 minutes. After completing all sample 
preparation steps, the samples were transferred to the SEM chamber for imaging. Images 
were taken at different magnification using secondary electron (SE) detector as well as 
backscattered electrons (BSE) detector. 
For XPS analysis, the grinded and polished (or corroded after immersion testing) samples 
were attached to the specimen holder using double sided carbon tape and inserted into the 
X-ray photoelectron spectroscopy (Thermo Fisher Scientific Inc. America) chamber for 
analysis. The Al Kα were used as an x-ray source. The pass energy for survey scan is 
100keV while for specific elemental analysis, the pass energy value is 50 keV. “Thermo 
Advantage version 5.932” is a software which was used for peak fitting and quantitative 
analysis. 
 
 
 
 
 
 
28 
 
 
 
 
 
 
Figure 3.3 Rigaku® X-ray Diffractometer used in this study 
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Figure 3.4 TESCAN® Field Emission Electron Microscope used in this study 
 
 
 
 
 
30 
 
 
 
 
 
 
 
Figure 3.5 Thermo Fisher® X-ray Photoelectron Spectroscope used in this study 
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3.4 Corrosion Testing 
 
Two types of corrosion test were carried out in this research to evaluate the corrosion 
performance of fabricated samples. First is Electro-chemical testing and another is 
immersion testing. The objective of immersion testing is to develop a corrosion product 
over material under ambient condition and study it through characterization tools while 
electrochemical testing was used to evaluate the performance of sintered samples in 
comparison to conventional alloys. 
 
3.4.1 Electrochemical Corrosion Testing 
 
Electrochemical corrosion testing techniques are laboratory based methods to evaluate the 
corrosion resistance, corrosion rate as well as provide an insight view of corrosion 
mechanism. Electrode potential can be determined through these techniques. That’s why; 
they are very helpful in corrosion prevention methods such as cathodic protection, anodic 
protection, etc. Figure 3.6 shows the Potentiostat which was used in this study available in 
“Center of Research Excellence in Corrosion”, KFUPM. 
The basic concept of some of main electrochemical testing techniques which were also 
used in this study, are discussed below: 
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Figure 3.6 Gamry® Potentiostat used in this study 
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3.4.1.1 Electrochemical Impedance Spectroscopy 
It is also known as Alternating Current (AC) Impedance technique. It is used to study oxide 
film, treated surfaces, corrosion resistive performance of organic coatings and 
metal/solution interface. 
This method is based on superimposing an AC current having small magnitude (i.e. 10-
20mV) on interested electrochemical system and measuring the response of system through 
potentiostat. When AC current applied to system, the initial steady state of system is 
disturbed and system moves to new steady state. The time required to attain new steady 
state is known as “Time Constant” and represented by “τ”. Mathematically, “τ” is represent 
as Eq. (3.1), 
τ = 𝑅𝐶                                                                                     (3.1) 
where “R” is resistance (ohm) and “C” is the capacitance (farads) of electrochemical 
system. The resistance to flow of AC current is known as “Impedance” and represented by 
“Z”. Mathematically Eq. (3.2), 
𝑍 =
𝐸
𝐼
                                          (3.2) 
where “E” is potential difference and “I” is current passing through electrochemical 
system. 
Resistors and capacitors both have impedance value and represented as Eq. (3.3) & 
Eq. (3.4), 
𝑍𝑅 = 𝑅                              (3.3) 
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𝑍𝐶  =  
1
𝑗𝜔𝐶
                              (3.4) 
where “Zc” is an impedance of capacitor, “ω” is an angular frequency and “C” is a 
capacitance of a capacitor. 
The data obtain through EIS can be simulate by fitting electrical equivalent circuit which 
is drawn by utilizing electrical elements such as capacitor, resistor, inductor, etc. 
 
3.4.1.2 Linear Polarization Resistance (LPR) 
Polarization can be defined as “Change in electrode potential due to flow of current”. 
Linear Polarization Resistance (LPR) is  a non-destructive, easy to implement 
electrochemical technique used for reliable average corrosion rate measurement [74]. In 
this technique, the cell voltage is swept to a limited small potential region (i.e. ±10-20 mV) 
at Eoc.  
The advantage of LPR on other electrochemical tests is that it provides a direct 
measurement of corrosion rate and also the sequential corrosion rate measurement on same 
sample is possible [75]. That is why, this test is widely used in real time monitoring of 
specimens as well as structures/equipments exposed to corrosive medium [77–79]. This 
method used Stern Geary equation (Eq. 3.5) to determine polarization resistance “Rp” from 
which corrosion rate can be derived [79]. 
𝐼𝑐𝑜𝑟𝑟 =   
𝛽𝑎× 𝛽𝑐
2.3 (𝛽𝑎+ 𝛽𝑐)
×
∆𝐼
∆𝐸
 =  
𝐵
𝑅𝑝
                                               (3.5) 
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where “Icorr” is a corrosion current, “βa” is an anodic Tafel constant, “βc” is cathodic Tafel 
constant and “Rp” is a polarization resistance. 
The calculated “Icorr” value can be converted into corrosion rate by using Eq3.6 [81,82], 
𝐶𝑅 =  
𝐼𝑐𝑜𝑟𝑟×𝐾×𝐸𝑊
𝐴
                                                                 (3.6) 
where “CR” is a corrosion rate, “K” is a constant value according to unit of corrosion rate, 
“EW” is an equivalent weight and “A” is a surface area in cm2 of exposed sample. 
 
3.4.1.3 Potentiodynamic Polarization (PDP) 
Electrochemical polarization is simply defined as “a change in electrode potential due to 
flow of current”. In this technique, sample is polarized in both anodic and cathodic 
direction by giving external potential through potentiostate.  The change in magnitude of 
current in response to polarization of sample is measured.  
In anodic polarization, electrode is displaced in more positive direction from its equilibrium 
potential and it behaves more anodically while in cathodic polarization, an electrode is 
displaced in negative direction and the polarity of electrode is change from negative to 
positive. The counter inert electrode is act as anode while working electrode (sample) 
become cathode when sample is cathodically polarized. 
This test provides complete information regarding the change in material behavior with 
respect to applied voltage. Some important characteristics of material which can be 
measured from this technique are; “Ecorr” & “Icorr” value, active to passive transition 
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voltage, passive current density, passive region potential range, pitting potential and 
passive to transpasive transition voltage.  
This analysis is based on Butler-Volmer equation Eq. (3.7), 
𝐼 =  𝐼𝑐𝑜𝑟𝑟𝑒
2.303 (𝐸−𝐸𝑐𝑜𝑟𝑟)
𝛽𝑎 − 𝑒
2.303 (𝐸−𝐸𝑐𝑜𝑟𝑟)
𝛽𝑐                                  (3.7) 
where “I” is a measured current in amperes at electrode potential “E” in volt, βa & βc are 
anodic and cathodic Tafel constant respectively, “Ecorr” is a corrosion potential in volts and 
“Icorr” is a corrosion current in amperes. 
 
3.4.2 Corrosion Testing Procedure 
 
For corrosion testing, the samples were connected to a copper wire by soldering and cold 
mounted. These specimens are mechanically grinded up to 600-mesh paper. Grinded 
samples are washed with acetone first and then with distilled water to clean the exposed 
surface followed by air drying. The dried samples are immersed in an electrolyte and 
connected to cables of “Gamry-3000 Potentiometer” having three electrode cell apparatus. 
For all experiments, exposed sample area is 0.2cm2. Ag/AgCl electrode is used as a 
reference while counter electrode is of graphite. Electrolytes i.e. 1NHCl and simulated 
seawater (3.5% NaCl solution) were prepared using reagent grade chemical and distilled 
water. The open circuit delay is 1 hour for “Electrochemical Impedance 
Spectroscopic(EIS)” measurement. Potentiodynamic polarization (PDP) tests were 
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measured with scanning rate of 0.5 mV/s in applied potential range of -300mV to + 800mV 
with reference to Ecorr. Each test was repeated three times in order to validate the results. 
For immersion testing, samples were mechanically grinded up to 600-mesh paper. After 
grinding, the samples were cleaned with ethanol and wash with de-ionized water. An air 
dryer was used for drying purpose. After cleaning and drying, the samples were dipped in 
freshly prepared 1NHCl and simulated seawater. The Solutions were prepared using 
laboratory grade reagent and de-ionized water. After 27 hours, the samples were taken out 
from the solution and immediately washed with de-ionized water. After drying with air, 
the samples were prepared according to requirement of characterization technique. 
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4 CHAPTER 4 
RESULTS & DISCUSSION 
4.1 Characterization of FeCrMo Based Powder and Sintered Samples 
 
Figure 4.1(a) shows SEM micrograph of as-received Fe-Cr-Mo-based powder, which 
reveals that the particles have spherical shape with the size distribution of about 12-45µm. 
XRD analysis of as received powder Figure 4.1(b) shows the amorphous nature of powder. 
The powder was consolidated by SPS at 800 and 900 °C, and the resultant relative densities 
were 93.8 ± 0.2 and 98 ± 0.12, respectively, showing an increase in density with increase 
in the sintering temperature. 
Figure 4.2 shows the XRD patterns of the sintered samples at 800 and 900 °C. The powder 
becomes crystalline after sintering, and both samples have similar phases. The observed 
phases are Cr23C6, BCC α-FeCrMo and (Cr, Fe)B2. It is also observed that the intensity of 
identical peaks is not the same which indicates a difference in phases concentration. The 
crystallite size was calculated using Scherrer’s equation and found to be about 25nm, which 
is a nano-sized crystallite. 
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Figure 4.1 (a) SE-SEM micrograph of as received powder (b) XRD analysis of as received powder 
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Figure 4.2 XRD patterns of sintered samples 
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Figure 4.3(a) shows the SEM-SE micrograph of the S-800 sample. The boundaries of 
powder particles are clearly observable, and the size and shape of powder particles is the 
same as the initial powder which shows poor sintering. It is also observed that the particles 
are bonded together while some area shows large cavity. 
Figure 4.3(b) shows color phase contrast based on atomic number (from higher (Red) to 
lower (violet)). It is observed that the two major phases are present in S-800, represented 
by green and blue colors. A small amount of very fine another phase represented by red 
color, is also observed. Similarly, a violet region was also observed which may represent 
porosity in the sample. All phases are distributed along the sample. Furthermore, it is found 
that powder grains are diffuse together by retaining their shape and size. Furthermore, no 
any neck formation was observed even at higher magnification. Figure 4.3(c) & (d), show 
three different phases formed in this sample which are; Dark gray (Blue), Light gray 
(green) which is the matrix and a very fine bright(Reddish-yellow) phase. These phases 
could be the boride, carbide and the BCC Fe-based matrix. 
Figure 4.4(a) shows the SEM-SE image of the sample sintered at 9000C. The sample was 
well sintered, and the powder particles were completely diffused together to form a uniform 
matrix. Figure 4.4(b) & (c) are SEM-BSE images with color contrast and at gray scale 
respectively. It is observed that there are three phases formed in this sample, marked as 
“α”, “β” and “γ”. From the distribution of the phases, it is found that “β” and “γ” are 
secondary phases which nucleated during sintering while “α” is a matrix phase. Figure 
4.4(d) & (e) show that the size of formed phases is at sub-micron level. 
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Figure 4.3 SEM images of S-800 (a) SEM-SE at 500x (b) SEM-BSE Color at 20kx (c)SEM-BSE at 150kx 
(d) SEM-BSE color at 150kx 
(c) 
 
(d) 
 
(b) 
 
α 
 
β 
 
γ 
 
43 
 
 
  
 
 
Figure 4.4 SEM images of S-900 (a)SEM-SE at 500x (b) SEM-BSE Color at 20kx (c) SEM-BSE at 40Kx (d) 
SEM-BSE at 150kx 
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On comparison between Figure 4.3 and Figure 4.4, it is observed that secondary phases 
grow with increasing sintering temperature specially the γ-phase which is negligibly small 
in S-800 while it can clearly be observed in S-900. 
Figure 4.5(a) shows the spectrum obtained by conducting EDS analysis of the α-phase 
region. It is observed that both boron and carbon are present along with other alloying 
elements in the α-phase. It can be concluded that the α-phase is a FeCrMo matrix having 
minor amount of carbon and boron. Figure 4.5(b) shows the spectrum of EDS analysis 
conducted in the β-phase. It is observed that boron is almost the eliminated from β-phase 
while carbon is present. It is seemed that the β-phase represents metallic carbides. Figure 
4.5(c) represents the EDS spectrum obtained from the γ-phase. It is found that boron is 
present in γ-phase. From this observation, it is concluded that the γ-phase is metallic boride 
which is nucleated during sintering. 
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Figure 4.5 EDS analysis at (a) α-phase (b) β – phase (c) γ – phase 
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Figure 4.6 shows a survey scan spectra of both sintered samples after exposing them in 
normal air. In this figure, it is observed that the detected peaks of alloying elements are 
identical in both samples. It is also observed that the intensity of identical peaks is different, 
which shows that the concentration of alloying element is not same in surface layer of both 
samples. Figure 4.6(a) is a survey scan spectra before argon etching which shows that the 
concentration of oxygen in surface film is high as compared to other alloying elements 
concentration in both sintered samples. This high concentration of oxygen is an evidence 
of oxide film formation on surface of both samples. Figure 4.6(b) is a survey scan spectra 
after a mild argon etching (10 sec). From this figure, a remarkable decrease in oxygen 
concentration was observed which is an evidence of oxide film removal due to argon 
etching. It is observed that the concentration of oxygen is higher in S-800 as compared to 
S-900 which reflect the formation of a thicker oxide film on S-800 as compared to S-900. 
Furthermore, the observed increase in alloying element concentration reflect that signals 
are coming from the substrate. It indicates that the surface has been cleaned from oxygen 
contamination due to exposure of the sample to ambient environment. Similarly, the C 1s 
signal drastically drops when the sample is argon etched due to hydrocarbon removal from 
the surface. 
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Figure 4.6 XPS survey scan spectra of air exposed sintered samples. (a) Before Argon Etching (b) After 
Argon Etching 
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Figure 4.7 is a graphical representation of atomic percentage of alloying elements 
contributing to the surface and sub surface (after Argon etching) layer formation of both 
samples when exposed to air. The surface layer of the specimen S-800 is enriched with 
chromium and iron. Similarly, a considerable decrease in percentage of chromium, after 
etching, shows its depletion in sub surface, which reflects the enrichment of surface layer 
with thin chromium oxide species which is removed due to etching. Furthermore, an 
increase in iron percentage in sub surface (after etching) of S-800 indicates its less 
availability at the surface layer. The contribution of molybdenum in S-800 surface layer 
formation is low. For sample S-900, it is seen that the surface is enriched with molybdenum 
and chromium species. A mild etching of S-900 shows a decrease in molybdenum and 
chromium concentration. Also, a decrease in concentration of molybdenum and chromium 
shows that they formed a thin oxide layer over the substrate. The Iron concentration has 
increased at sub surface of S-900, which is an indication of a protective oxide layer 
formation over the substrate to resists iron oxidation. 
Figure 4.8 shows the fitting of Fe2p, Cr2p and Mo3d core level spectra of both sintered 
samples. The oxidation states of the elements are identified based on their binding energy. 
As shown in Figure 4.8(a) & (b), Iron is present as Fe0(metallic), and Fe(III) in sample S-
800, while its oxidation states in sample S-900 are Fe0 and Fe(II). As observed in Figure 
4.8(c) & (d), Chromium(III) oxide (Cr2O3) is formed in both samples and small quantity 
of Cr(VI) is also detected in sample S-800. In Figure 4.8(e) & (f), it is found that Mo(IV) 
and Mo(VI) oxides are formed in both samples. 
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Figure 4.7 Relative atomic percentage of elements contribution in surface layer formation when exposed to 
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Figure 4.8 XPS analysis of (a)&(b) Fe2p, (c)&(d) Cr2p and (e)&(f) Mo3d core level spectra formed on S-800 and 
S-900 respectively, when exposed to air 
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The summary of the fitted data is shown in Table 4.1 which includes the characteristic 
binding energy of the fitted peaks, the FWHM value and atomic percentage of different 
oxidation states of alloying elements available in the surface film of both sintered samples. 
The binding energy of various fitted peaks are in good agreement with those available in 
published literature[82]. 
Figure 4.9 represents the atomic percentage of alloying elements contribution to the 
surface layer formation with respect to their existing oxidation states. It is found that more 
than two-third of sample S-800 is covered with Fe(III) and Cr(III) oxides with small 
contribution of molybdenum metallic and oxides species. The detection of metallic state of 
alloying elements shows that the formed oxides layers are thin and have protective 
behavior. Furthermore, it is found that the surface of sample S-900 is covered with 
chromium and molybdenum oxides while iron contribution is small. Metallic state signals 
are also detected in sample S-900 with higher contribution than those in sample S-800, 
which is an evidence of its more corrosion resistance in exposed environment. 
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Table 4.1 Summary of XPS analysis after exposing samples to air 
 
 
 
Peak 
 
Binding 
Energy 
(eV) 
± 0.2 
FWHM 
(eV) 
± 0.4 
Oxidation 
State 
Relative 
atomic 
Percentage 
(%) 
S-800 
± 5% 
Relative 
atomic 
Percentage 
(%) 
S-900 
± 5% 
Fe2p3/2 707.2 1.5 Fe˚ (metallic) 12.3 20 
709.2 3.37 Fe+2 (FeO) - 12 
711 3.50 Fe+3 (Fe2O3) 36 - 
Cr2p3/2 574.30 1.56 Cr˚ (metallic) 4 12.3 
576.83 3.37 Cr+3 (Cr2O3) 37 28.67 
580.2 3.37 Cr+6 (CrO3) 3 - 
Mo3d5/2 228 1.09 Mo˚(metallic) 3 10.7 
229 2.0 Mo+4 (MoO2) 3 8.57 
232.38 2.21 Mo+6 (MoO3) 2      7.76 
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4.2 Corrosion Performance in 1NHCl 
 
To evaluate the formation and stability of passive film, EIS test was conducted. Figure 
4.10(a) shows the Nyquist graph of all tested materials in 1NHCl. All samples formed one 
capacitive arc with one time constant. Furthermore, the semi-circle formed by S-800 
sample has the greatest diameter followed by sample S-900. The greatest diameter of S1 
specimen is the evidence of its highest charge transfer resistance among all samples [83]. 
Both conventional alloys i.e. stainless steel 316L and carbon steel have lower charge 
transfer resistance than the Fe-Cr-Mo-based sintered samples. 
Figure 4.10(b) shows Bode frequency versus impedance and constant phase angle curve. 
The impedance value increases with decreasing the frequency. The sintered samples have 
higher impedance value at lower frequency region than both conventional alloys. Among 
the sintered samples, it is observed that S-800 has higher impedance value than S-900.  
It is observed from the frequency versus constant phase angle curve (Figure 4.10(b)) that 
all samples show capacitive behavior at lower frequency with different lowest negative 
phase angles and frequency range, except C.S-1080. The lowest phase angle of S-800 is -
65˚ while the lowest phase angle value of S-900 is ~ -60˚. The observed lowest phase angle 
value of S.S-316L is ~ -55˚. Furthermore, it is also observed that sintered samples have 
capacitive behavior in a wide frequency range (125-8 Hz) as compared to conventional 
alloys which have narrow capacitive region. It is found that C.S-1080 sample show 
capacitive behavior at medium frequency range which reflects material resistance to charge 
transfer. Absence of capacitive behavior at lower frequency range shows that no any 
passive film was formed over C.S-1080 sample. Since carbon steel does not depend on 
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passive oxide formation, it shows capacitive behavior in middle frequency region which 
represent only material’s resistance to corrosion. 
The equivalent circuit used for fitting EIS results is shown in Figure 4.11. In this model, 
“Rct” is a charge transfer resistance of sample, “Rs” is solution resistance while “Qdl” is 
double layer capacitance. Constant phase element (CPE) is used instead of pure capacitor 
in order to reduce the effect of surface non-homogeneities and roughness. A pure 
capacitance is used in very rear cases to simulate the experimental data [82]. The 
impedance value of CPE can be calculated by Eq. (4.1) [84], 
𝑍𝐶𝑃𝐸 =  𝑌𝑜
−1 × (𝑗𝜔)−𝑛                                                 (4.1)   
where “Yo” is CPE magnitude, “ω” is angular frequency in rad/s, “n” is the CPE exponent 
and “j” is an imaginary unit.  
Since the unit of “Y0” is different than “Cdl” (F/cm2). The corrected “Cdl” value can be 
calculated by using Eq. (4.2)[84], 
𝐶𝑑𝑙  =  𝑌𝑜 𝜔𝑚𝑎𝑥
(𝑛−1)                                                               (4.2)  
where “ωmax” is an angular frequency (ω = 2πf ) in rad/sec correspond to maximum “-Zimg” 
value[85]. 
Based on “n” value, CPE can be classified as pure resistance (R) when (n=0), Warburg 
impedance, W (n=0.5) and inductance, L (n = -1). CPE is considered as pure double layer 
ideal capacitance (Cdl) when n = 1[86]. In our case, all samples have mixed capacitive and 
resistive behavior. 
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Figure 4.10 (a) Nyquist plot of tested samples in 1NHCl at room temperature (b) Frequency vs Impedance and 
constant phase angle Bode curve of all tested samples in 1N HCl at room temperature and open to air  
57 
 
 
 
 
 
 
Figure 4.11 Modified Randel Equivalent Circuit 
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In general, capacitance has inverse relation to surface film thickness. The passive layer 
thickness can be estimated through capacitance value by using Eq. (4.3) and Eq. (4.4) [87]. 
𝐶 =  − (𝜔 × −𝑍𝑖𝑚𝑔)
−1
     (4.3) 
𝑑𝑜𝑥 =  
𝜀𝑜× 𝜀 × 𝐴𝑠
𝐶
      (4.4) 
Where “C” is capacitance, “-Zimg” is an imaginary impedance value at 1kHz frequency, 
“ԑ₀” is a permittivity of vacuum (ԑ₀ =8.854 × 10-14 F/cm2),“ԑ” is permittivity of dielectric 
which is consider as “12” for Cr2O3, “As” is an exposed surface area of electrode and “dox” 
is a passive film thickness.  
Table 4.2 shows the data obtained by fitting modified Randel model and by applying the 
discussed equations to the resultant EIS plots. The charge transfer resistance (Rct) of 
sintered samples is higher than conventional alloys while among sintered samples, the S-
800 charge transfer resistance is more than twice that of S-900 sample. Furthermore, a 
thicker passive layer formed over sintered samples as compared to S.S-316L and charge 
transfer resistance increases with the increase in passive film thickness. 
To determine the polarization resistance along with Ecorr and Icorr values, LPR test was 
conducted, and the results is summarized in Table 4.3. In this technique, Icorr is calculated 
using Stern-Geary equation [89,90]. The obtained LPR results conforms the polarization 
resistance trend (EIS results) with small deviation in values because of increase in exposure 
time, technique limitation [91,92]. Sintered samples have more polarization resistance than 
conventional alloys. Of sintered samples, S-800 has the greater polarization resistance 
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value than S-900. The Ecorr value of S-800 shows that it is anodic to S-900 and S.S-316L 
but it has least Icorr value. 
Table 4.2 Electrochemical Impedance Spectroscopy (EIS) results summary 
  
Table 4.3 Linear Polarization Resistance (LPR) electrochemical technique results. 
S.No Sample Polarization 
Resistance (Rp) 
(ohm.cm2) 
Ecorr 
(mV) 
Icorr 
(µA/cm2) 
1. S-800 835± 75 -377 ± 1 31.4± 2.8 
2. S-900 365± 40 -332 ± 8 72± 7.6 
3. Stainless Steel 316L 305± 5 -269± 1 85± 1.4 
4. Carbon steel 1080 105 ± 2 -466 ± 2 248± 5 
S.No. Material Rct 
Ω.cm2 
Rs 
Ω.cm2 
n Qdl 
µF/cm2 
Thickness 
A˚ 
1. S-800 756± 69 3.33± 0.3 0.75 ± 0.03 (3.10± 0.1)×102 0.42±0.04  
2. S-900 323± 12 3.0± 0.13 0.77±0.015 (4.94±0.35)×102 0.25±0.05 
3. S.S-316L 254± 4 5.85± 0.2 0.74 ± 0.01 (9.05± 0.1)×102 0.19±0.02 
4. CS-1080 100± 3 3.1± 0.05 0.89 ± 0.01 (0.72±0.02)×102 - 
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Figure 4.12 shows the potentiodynamic polarization (PDP) curves of all four materials. 
Both sintered samples show active to passive transition with increase in potential difference 
while S.S-316L show transition from active to passive region at lower potential difference 
and current density. However, the passive region of S.S-316L is negligible small which 
shows that the formed passive layer is un-stable. Furthermore, no any active-passive 
transition in the carbon steel sample. 
Table 4.4 summarizes the results obtained from PDP analysis. Icorr values of sintered 
samples are lower than that of conventional alloys while among sintered samples, Icorr 
value of S-800 is the lowest. Regarding Ecorr value, S-800 is anodic to S-900 and S.S-
316L sample. Evidence of passive film formation also observed on S-900 at higher 
potential value. 
The corrosion rate can be estimated by using Eq. (4.5), 
𝐶𝑅 =
𝐼𝑐𝑜𝑟𝑟 𝐾 𝐸𝑊
𝜌𝐴𝑠
                 (4.5) 
where “K” is a constant which depends on corrosion rate unit, “EW” is an equivalent 
weight in grams/equivalent, “ρ” is a density of sample in g/cm3, “As” is an exposed surface 
area. “Icorr” is corrosion current density at “Ecorr” and was determined through Tafel 
extrapolation method. 
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Figure 4.12 Potentiodynamic Polarization curves of tested samples in 1NHCl solution at room temperature and 
open to air 
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The equivalent weight of an alloy can be determine by using Eq(4.6) [92], 
𝐸𝑊 = [∑
𝑓𝑖×𝑛𝑖
𝑎𝑖
]
−1
                 (4.6) 
where “fi” is atomic mass fraction, “ni” electron exchanged and “ai” is an atomic weight of 
an alloying element. 
By using above equations, the calculated corrosion rate is mentioned in Table 4.4 which 
shows that S-800 have least corrosion rate among all samples in exposed environment. 
Furthermore, the found corrosion rate can be written as 
C.S-1080>S.S-316L>S-900>S-800. 
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Table 4.4 Potentiodynamic Polarization (PDP) results. 
Sample Ecorr 
mV 
Eact. 
mV 
Epass 
mV 
Icorr 
µAcm-2 
Iact. 
mAcm-2 
Ipass 
mAcm-2 
Equi- 
vaent 
wt. 
Corrosion 
Rate 
mm/year 
S-800 -375 
±2 
24.89 25.39 81 ± 12 133.29 133.4 28.04 0.89 ± 0.1 
S-900 -332 
±8 
157 161 155±17 132.80 131.7 28.04 1.55±0.15 
Stain-
less 
Steel 
316L 
-270 
±2 
-134.4 -5.28 277±10 12.10 1.8 25.12 2.4 ± 0.05 
Carbon 
Steel 
1080 
-473 
±1 
- - 277±27 - - 27.92 3.22±0.31 
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4.3 Corrosion Behavior in 1NHCl 
 
Figure 4.13(a) & (b) show SEM-SE micrograph of S-800. A continuous surface product 
was formed over this sample having dimensions in nano scale. This surface product is 
looking like a uniform distributed and cross linked together nano-wires network. shows 
Figure 4.13(c) & (d) SEM-SE micrographs of S-900. A small amount of surface product 
was formed at certain specific point while the remaining major surface portion is free from 
any surface product. A uniform surface product which was observed in S-800 is absent in 
this case. Also, the morphology observed in S-800 is not found in S-900. EDS analysis 
shows that these product is oxides of alloying elements. 
Figure 4.14 shows the EDS-Mapping analysis of S-800. From Figure 4.14(a) to (c), it is 
found that iron, chromium and molybdenum are well distributed all over the sample. From 
Figure 4.14(d) & (e), it is observed that carbon and boron are present at some specific 
which reflect the formation of metallic carbides and borides at that specific area. Figure 
4.14(f) shows the distribution of oxygen on surface. It is found that S-800 is almost 
uniformly oxidize due to interaction with solution and form an oxide product. 
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Figure 4.13 SEM-SE micrograph of S-800 and S-900 specimen after exposing to 1NHCl(a)S-800 low and (b) 
high magnification (c)S-900 low and (d) high magnification  
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Figure 4.14 EDS-Mapping analysis of S-800 after exposing to 1NHCl  
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Figure 4.15 shows the EDS-Mapping analysis of S-900 after immersion in 1NHCl. Figure 
4.15(a) to (c) show that main alloying elements; iron, chromium and molybdenum are well 
distributed all over the sample. Figure 4.15(d) & (e) represent the distribution of carbon 
and boron respectively. It is observed that boron and carbon concentration is high at 
specific point which shows the formation of metallic boride and carbide at that specific 
point. Figure 4.15(f) shows the distribution of oxygen in sample surface. By carefully 
comparing Figure 4.15(d) to (f), It is found that the concentration of oxygen is higher at 
areas where the concentration of boron and carbon is low and vice versa. From this 
observation, it can be concluded that the areas at surface where carbide and borides are 
present do not participate in formation of surface oxides products. 
From SEM analysis of both samples, it is concluded that a continuous surface product was 
formed in S-800 while no evidence of uniform surface product formation was observed in 
S-900. Although some regions of S-900 is covered with surface product. A continuous and 
uniform surface product observed on S-800 was contributed in corrosion protection.  
These are some main reasons of higher corrosion resistance of S-800 in comparison to S-
900 against 1NHCl species attack as observed in electrochemical testing. This observation 
have well agreement with published literature [30]. 
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Figure 4.15 EDS-Mapping analysis of S-900 after exposing to 1NHCl 
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Figure 4.16 shows the survey scan spectra for both S1 and S2 samples after immersion in 
1NHCl solution for 24 hours. It is seen that the surface elemental peaks detected for both 
samples are almost the same with differences in the concentrations of elements present in 
the samples. Figure 4.16(a) is a survey scan spectra before argon etching. It is observed 
that the concentration of oxygen is higher as compared to other alloying elements which 
shows the formation of oxide products of alloying elements at surface. Figure 4.16(b) is a 
survey scan spectra after a mild argon etching. From this figure, a sharp decrease in oxygen 
concentration is observed which represent the removal of surface oxide layer due to argon 
etching. It also observed that concentration of alloying elements is increased which shows 
that signals are coming from substrate. 
As shown in Figure 4.17, the dominant element present in sample S-800 surface layer is 
iron then chromium, while molybdenum percentage is low. Furthermore, in sample S-900, 
it is found that the surface layer is enriched with molybdenum species while the 
contribution of chromium and iron is almost the same. Figure 4.17 also illustrates that after 
mild etching over sample S-800, the amount of iron decreases while molybdenum 
concentration increases. Also, no significant effect in the concentration of chromium was 
observed. Similarly, after etching sample S-900, it is observed that higher amount of iron 
is present in the sub-surface while the atomic percentage of molybdenum decreases as 
compared to the surface. It is also found that the chromium percentage in sample S-900 is 
almost the same in both surface and sub-surface. The depletion of molybdenum and the 
presence of higher amount of iron at the sub surface of sample S-900, indicates that 
molybdenum forms a protective layer over other species while the stable amount of 
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chromium indicates that its contribution in passive layer formation is less than 
molybdenum.  
Figure 4.18 shows characteristics doublet core level spectra and their fitting of Fe2p, Cr2p 
and Mo3d for both samples. Elements and their oxidation states are identified based on 
their characteristic binding energy. According Figure 4.18(a), the oxidation states of iron 
present in sample S-800 surface are; Fe0, Fe(II) and Fe(III) while a characteristic satellite 
peak of Fe+3 at 718.6eV is also observed which is an evidence of co-existence of Fe+2 and 
Fe+3 or Magnetite (Fe3O4) formation [93]. In Figure 4.18(b), it is observed that in sample 
S-900 surface, iron is present as Fe0, Fe(II) and Fe(III) while a satellite peak of Fe(II) was 
also detected. As shown in Figure 4.18(c) & (d), the oxidation states of chromium in both 
samples are same which are Cr0 and Cr(III). Similarly, as observed in Figure 4.18(e) & (f), 
the oxidation states of molybdenum are also same in both samples which are identified as 
Mo0, Mo(IV) and Mo(VI). 
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Figure 4.16 XPS survey scan spectra after immersing samples in 1NHCl solution. (a) Before Argon Etching 
(b) After Argon Etching 
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Figure 4.17 Relative Atomic percentage of elements contribution in surface layer formation when exposed to 
1NHCl 
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Figure 4.18 XPS analysis of (a)&(b) Fe2p, (c)&(d) Cr2p and (e)&(f) Mo3d surface films spectra formed on 
S-800 and S-900 respectively, after immersing samples in 1NHCl solution 
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Table 4.5 summarize the results of the fitted peaks. Oxidation states and their possible 
chemical compound were identified based on their characteristic binding energies. The  
binding energy of various fitted peaks are in good agreements with the data published in 
the literature [82]. It is seen that Magnetite (Fe3O4) which is a stable oxide of Iron [94] and 
a mixture of Fe+2 and Fe+3is formed in sample S-800 surface while formation of Fe2O3 is 
also observed in the same sample. Magnetite (Fe3O4) is consider as a passive oxide and it 
passivate Fe-based alloy in neutral solution [95]. In sample S-900 surface, it is observed 
that Fe(II) formed FeO while Fe(III) formed Fe2O3 by reacting with oxygen. Chromium 
(III), molybdenum (IV) which were detected over both samples form protective film over 
the substrate by reacting with oxygen. It is found that chromium (III) forms Cr2O3 oxide 
layer while molybdenum (IV) forms MoO4. Both oxides are passive and protect the 
substrate from further corrosion. The presence molybdenum (VI) in both samples is also 
important with respect to corrosion inhibition because it forms a protective insoluble 
MoCl5 compound on previously formed pits [42]. 
Figure 4.19 is a graphical representation according to atomic percentage of alloying 
elements contribution in surface layer formation with respect to their existing oxidation 
states. In sample S-800, three quarter of layer is composed of Fe(II) and Fe(III) combined, 
while the remaining one quarter portion is mainly chromium metallic and chromium (III) 
with negligible amount of molybdenum contribution. In sample S-900, half of film 
concentration is consisting of molybdenum having almost equal share of molybdenum 
(Mo0), Mo(IV) and Mo(VI). The other half of the formed film in sample S-900 is composed 
of chromium metallic (Cr0), Cr(III), Fe0, Fe(II) and Fe(III) oxidation states. Detection of 
metallic state signals is an evidence of a thin protective layer formation in sample S-900. 
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Table 4.5 Summary of XPS analysis after exposing samples in 1NHCl solution. 
Peak 
(1NHCl) 
Binding 
Energy 
(eV) 
± 0.2 
FWHM 
(eV) 
± 0.2 
Oxidation State Relative atomic 
Percentage  
S-800 
± 5% 
Relative atomic 
Percentage 
S-900 
± 5% 
Fe2p3/2 707.16 1.56 Fe˚ (metallic) 10 7 
709 3.36 Fe+2 (FeO) 0.0 11 
711.10 3.37 Fe+3 (Fe2O3) 39.6 6 
714.04 3.37 Fe+2 coexists with 
Fe+3(Fe3O4) 
18.76 0.0 
716  Fe+2 Satellite   
718.6 3.37 Magnetite(Fe3O4) 
representing 
satellite 
14.03 0.0 
Cr2p3/2 574.24 1.715 Cr˚ (metallic) 8.7 11.5 
576.43 3.37 Cr+3 (Cr2O3) 16 16 
Mo3d5/2 227.98 1.075 Mo˚ (metallic) < 2 16 
228.85 2.37 Mo+4 < 2 18 
232.5 1.765 Mo+6 < 2 15 
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Figure 4.19 Relative Atomic Percentage of different oxidation states present at surface layer 
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4.4 Corrosion Performance in Simulated Seawater 
 
Figure 4.20(a) shows the Nyquist plot of all tested samples in 3.5%NaCl solution. It is 
found that all samples show single curve with one time constant and have mixed resistive 
and capacitive behavior. Per referred figure, a straight line observed in case of stainless 
steel sample show its extraordinary high charge transfer resistance in tested solution. It is 
also found that the diameter of semi-circle formed by S-900 is higher than S-800 which 
represents that the charge transfer resistance of S-900 is higher than S-800. Similarly, the 
diameter of semi-circle observed in case of carbon steel is much smaller than other 
materials which show that it exhibits lowest corrosion resistance behavior among all 
samples in exposed environment. 
Figure 4.20(b) shows the frequency vs impedance and constant phase angle Bode curves 
of all tested samples in simulated sea water. As per Figure 4.20(b), S-900 has the highest 
impedance value in low frequency region while the impedance value of S.S-304 is very 
near to S-900 in the same region. It is found that the impedance value of S-800 is lower 
than S.S-304 but higher than C.S-1080.  
With respect to constant phase angle value in Figure 4.20(b), it is found that S.S-304 has 
most negative constant phase angle value which is ~ -70˚ among all tested samples at lower 
frequency region. For sintered samples, it is observed that S-900 has more negative 
constant phase angle (i.e. ~ -63˚) value than S1(800˚C) (i.e. ~ -55˚) while the lowest 
negative constant phase angle value of CS-1080is ~ -57˚ in the lower frequency region. 
Furthermore, the flatten of S.S-304 curve in a wide frequency range (i.e. 31- 0.15 Hz) in 
the lower frequency region represents the capacitive behavior of the material and an 
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evidence of the high resistance in exposed solution. It is noted that both sintered samples 
show a stable capacitive behavior with wide frequency range with different values. It is 
found that the capacitive behavior at frequency range for S-800 is 100-0.79 Hz while the 
same region of S-900 has 125-1.2 Hz frequency range. Also, it is found that C.S-1080 show 
capacitive behavior but in a narrow frequency range which is 5-1.0 Hz. 
Based on the observed results, it can be concluded that the corrosion resistance of S.S-304 
is better than both sintered samples while the corrosion resistive performance of C.S-1080 
is inferior than that of the sintered samples. On comparing the sintered samples, S-900 is 
more corrosion resistive than S-800 in exposed solution. 
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Figure 4.20 (a) Nyquist Plot of all tested samples in 3.5%NaCl solution at room temperature and open to air 
(b) Frequency Vs Impedance and Constant phase angle Bode curve of all tested samples in 3.5%NaCl solution 
at room temperature and open to air 
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Figure 4.11 represents the equivalent circuit used for fitting the experimental data. In this 
circuit, “Rct” is a charge transfer resistance or polarization resistance of the material, “Rs” 
is a solution resistance, “CPE” is a constant phase element used instead of pure capacitor 
to minimize the surface roughness and irregularities effects while “n” is an exponent which 
represents the material behavior. 
The data obtained by fitting the discussed circuit shows the magnitude of “CPE” instead 
of capacitance. The exact capacitance value can be calculated by using Eq. (4.1). 
Since the capacitance has indirect relation with film thickness, the passive layer behaves 
as a parallel plate capacitor. The film thickness increases with decrease in capacitance. The 
thickness of the passive layer can be estimated by using Eq. (4.2) and Eq. (4.3). 
Table 4.6 represents the data obtained by fitting the modified Randel model to resultant 
EIS data and calculated film thickness value. According to “Rct” value, S.S-304 exhibits 
the higher corrosion resistance and C.S-1080 is the lowest among all tested samples while 
values for the sintered samples are between those of S.S-304 and C.S-1080. It is found that 
S-900 has higher charge transfer resistance than S-800. With respect to the passive layer 
thickness, it is found that the layer thickness of sintered samples is almost the same. Also, 
the passive layer formed over S.S-304 is thinner than the sintered samples. 
 
81 
 
Table 4.6 Summarize EIS results of all sample in 3.5% NaCl solution. 
S.No. Material Rct 
(kohm.cm2) 
Rs 
(ohm.cm2) 
Cdl 
(µF/cm2) 
n 
× 10-3 
Passive 
layer 
Thickness 
(˚A) 
1. S-800 10.7 ±1.19 16.7 ± 0.3 174 ± 0.3 641 ± 27 2.83 ± 0.6 
2. S-900 14.92 ± 0.265 17.93±0.56 63 ± 23.5  768±26.5 2.86 ± 0.4 
3. Stainless 
Steel-304 
50.55 ± 8.81 16.46 164 ± 3 819 ± 5.5 2.3 ± 0.05 
4. Carbon 
Steel-1080 
1.2085±0.0115 17.17 908 ± 2.5 768 ± 1 - 
 
To further confirm the results of EIS analysis, Linear polarization resistance (LPR) test 
was conducted. Table 4.7 shows the results obtained through LPR analysis. It is observed 
that LPR analysis confirmed the trend of material corrosion resistance as observed in EIS 
analysis with some difference in values which is due to the change in experimental 
conditions, immersion time, etc. It is found that S.S-304 has the highest polarization 
resistance value among all tested samples while in case of sintered samples, the 
polarization resistance of S-900 is higher than S-800. Also, the C.S-1080 is lowest among 
all samples in term of polarization resistance. It is found that with respect to “Ecorr” value, 
S.S-304 is the most electropositive material in comparison to other samples. Furthermore, 
among sintered samples, S-900 is more electropositive than S-800 while C.S-1080 is most 
anodic material in comparison to all tested samples. It is noted that the “Icorr” value of 
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S.S-304 is lowest with respect to other samples while C.S-1080 has the highest “Icorr” 
value. It is found that the “Icorr” value of sintered samples is in-between both conventional 
alloys and S-900 “Icorr” value is lower than S-800. 
To deeply investigate the change in behavior of a material (such as active-passive and trans-
passive transformation, pitting potential, corrosion rate) due to application of external 
potential, potentiodynamic polarization (PDP) test was conducted. Figure 4.21 shows the 
potentiodynamic polarization curves of all four materials which were tested in 3.5%NaCl 
solution. It is observed that S.S-304 sample is spontaneously passivated with large passive 
region which represents the formation of stable passive film over substrate. Furthermore, 
S.S-304 shows transformation to trans-passive region at 0.2V potential which is also a 
pitting potential of this sample. A change in slope was also noted at 0.25V potential but 
this region is not stable and represent a formation of partially passive film over the 
substrate. It is also found that S-800 did not show any active-passive transformation while 
S-900 shows evidence of spontaneously passivation but due to the absence of stable passive 
region, this passive layer has limited protection. It is observed that C.S-1080 did not show 
any evidence of active-passive transformation which is an expecting behavior of carbon 
steel. 
Table 4.8 shows the Ecorr, Icorr value and corrosion rate of all tested materials. Per 
“Ecorr” value, it was found that S.S-304 is cathodic to all other samples while among 
sintered samples, S-900 is cathodic to S-800 and their “Ecorr” values are very close to each 
other. Also, C.S-1080 is anodic to all materials. It is also found that S.S-304 has least 
“Icorr” value while C.S-1080 has highest “Icorr” value and sintered samples are in-between 
both conventional alloys. It is noted that the S-900 has lesser “Icorr” value than S-800. The 
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corrosion rate which was calculated through Tafel extrapolation method, it is found that 
S.S-304 has the lowest corrosion rate. With respect to corrosion rate, the situation can be 
written as, C.S-1080 > S-800 > S-900 > S.S-304 
Table 4.7 LPR analysis results in simulated seawater environment. 
Sample Polarization 
Resistance (Rp) 
(kohm.cm2) 
Ecorr 
(mV) 
Icorr 
(µA/cm2) 
S-800 13.7 ± 0.2 -372 ± 7 2.0 ± 0.2 
S-900 17.4 ± 0.015 375 ± 9 1.5 ± 0.03 
Stainless Steel-304 125 ± 2 -92.2 ± 0.013 0.208 ± 0.003 
Carbon Steel-1080 1.202 ± 0.042 -642 ± 0.3 21 ± 1.5  
 
Table 4.8 Summarize the PDP analysis of all tested samples in 3.5%NaCl solution. 
S.No. Material Ecorr 
(mV) 
Icorr 
(A/cm2) 
Corrosion Rate 
(mm/year) 
1. S-800 -(380 ± 6) 3.92 ± 0.13 µA 0.24 ± 0.008 
2. S-900 -(378.5 ± 7.5) (2.65 ± 0.14) µA 0.16 ± 0.0085 
3. Stainless Steel-304 -95.70 135.0 nA 0.02 ± 0.0018 
4. Carbon Steel-1080 -648.0 37.20 µA 0.54± 0.13 
 
 
 
84 
 
 
 
 
 
-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6
-9
-8
-7
-6
-5
-4
-3
-2
-1
 
 S-800
 S-900
 S.S-304
C.S-1080
C
u
rr
e
n
t 
D
e
n
s
it
y
 L
O
G
 I
 (
A
/c
m
²)
Potential, E/V vs Ag/AgCl
3.5% NaCl solution, 298K, open to air, scan rate = 0.5 mV/s
S.S-304
S-900
S-800
C.S-1080
 
Figure 4.21 Potentiodynamic Polarization curve of all tested samples in 3.5%NaCl solution at room temperature 
and open to air 
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4.5 Corrosion Behavior in Simulated Seawater 
 
Figure 4.22 is a series of S-800 SEM images at different magnification after exposing 
sample to 3.5%NaCl solution for 27 hours. In Figure 4.22(a), it is observed that some 
surface products are formed at certain specific points in S-800. Also, the surface of S-800 
is not smooth which is due to incomplete sintering. No evidence of uniform surface 
products formation was observed on this sample. From Figure 4.22(b) & (c), it is found 
that the surface products have flake/wire like morphology and agglomeration of these 
surface products are also observed at certain point. Figure 4.22(d) shows that the size of 
these flakes/wires is very fine and have nano-sized dimensions. This type of morphology 
is also observed on the same sample when it was immersed in 1NHCl solution in our 
previous study. 
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(a) 
 
(b) 
 
 
(c) (d) 
Figure 4.22 SEM-SE images of S-800 at (a)400x (b) 20kx (c) 50kx (d) 100kx after exposing to 3.5%NaCl 
solution for 27 hours. 
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Figure 4.23 shows the EDS-mapping analysis of S-800 after exposing to 3.5%NaCl 
solution for 27 hours. It is found that the concentration and distribution of sodium and 
chlorine are resembles to each other which means that these elements are present as a 
chemical compound on sample surface. Some amount of chlorine is also observed at the 
sodium deficient area which shows that the chlorine may form some products with alloying 
elements but the contribution of these products is minor in overall concentration. High 
amount of main alloying elements such as iron(Fe), chromium(Cr) and molybdenum (Mo) 
was also observed. Similarly, it is found that the contribution of carbon and boron is low. 
Figure 4.24 is a series of S-900 SEM images after exposing to 3.5%NaCl solution for 27 
hours at different magnifications. Figure 4.24(a) shows that uniform surface products are 
formed on S-900 with some pyramid shape (black) region where these surface products are 
absent. Figure 4.24(b) & (c) are images at higher magnification showing more clear 
distribution of formed surface products. In Figure 4.24(d), it is observed that these surface 
products have rounded morphology and are agglomerated together. Also, these surface 
products have nano-scale dimensions. 
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  Figure 4.23 EDX-mapping analysis of S-800 after exposing to 3.5%NaCl solution for 27hours 
(a) Fe Kα1 (b) Cr Kα1 (c) Mo Lα1 (d) B Kα1-2 
(f) Na Kα1-2 (g) Cl Kα1 (e) C Kα1-2 (h) O Kα1 
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Figure 4.25 shows the EDS-mapping analysis of S-900 after exposing to 3.5%NaCl 
solution for 27 hours. It is observed that sodium and chlorine are distributed together in 
almost the same concentration. It is found Sodium and chloride are distributed in pyramid 
shape and these areas are observed as black in SEM-SE imaging. The observed pyramid 
shape are crystals of sodium chloride salt. This observation provides evidence that mainly, 
both elements are present in chemical compound form on the surface of S-900. It is also 
found that Iron, Chromium and Molybdenum (which are main alloying elements) are well 
distributed in S-900 while the carbon distribution shows the presence of carbide at certain 
specific points. 
On comparing the SEM analysis of both sintered samples as seen in Figure 4.22 and 
Figure 4.24, it is observed that a more uniform corrosion product was formed on S-900 
while in S-800, a small area is covered with corrosion products. Similarly, the morphology 
of corrosion product found on both sintered samples is also different. By observing these 
results, it is concluded that the higher corrosion resistance of S-900 as found in 
Electrochemical testing, is due to the formation of uniform surface products which are 
oxides of alloying element. This observation also agreed with the literature [30]. 
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(a) (b) 
  
(c) (d) 
Figure 4.24 SEM-SE images of S-900 at (a)400x (b) 20kx (c) 50kx (d) 100kx after exposing to 3.5%NaCl 
solution for 27 hours 
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Figure 4.25 EDS-mapping analysis of S-900 after exposing to 3.5%NaCl solution for 27 hours 
(a) Fe Kα1 (b) Cr Kα1 (c) Mo Lα1 (d) B Kα1-2 
(e) C Kα1-2 (f) Na Kα1-2 (g) Cl Kα1 (h) O Kα1 
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Figure 4.26 shows the XPS survey scan spectra of both samples after exposing to simulated 
sea water for 27 hours. It is observed that the detected elemental peaks in both samples are 
identical to each other. However, the intensity of identical peaks is different which shows 
that the concentration of detected element is not the same in the surface layer of both 
sintered samples. Figure 4.26(a) is a survey scan spectra before argon etching. It is found 
that the concentration of oxygen in both samples is high as compared to other alloying 
elements which is an evidence of formation of surface oxide. Figure 4.26(b) represent the 
survey scan spectra after mild argon etching. A clear decrease in concentration of oxygen 
is observed in case of S-900. Similarly, it is observed that the concentration of other 
alloying elements is increased which is an evidence of oxide film removal due to argon 
etching. Also, the removal of oxide layer with mild etching shows that a thin oxide layer 
was formed. In S-800, no considerable difference in oxygen concentration before and after 
argon etching was observed which shows that a thicker oxide layer was formed as 
compared to S-900. 
Figure 4.27 is a graphical representation of atomic percentage of alloying elements present 
at surface and at sub-surface (after Argon etching) layer of both sintered samples. It is 
observed that on both samples, the main contributing alloying elements for surface layer 
formation is iron and chromium. Lesser amount of molybdenum on both sintered samples 
shows that it does not contribute directly in surface layer formation. It is also found that 
the information obtained through sub-surface after mild Argon etching, shows a decrease 
in chromium percentage in S-800. The appreciable depletion of chromium at sub-surface 
is an evidence of a thick chromium oxide layer formation at surface which is removed 
through Argon etching. On S-900, the chromium percentage increases at sub-surface (after 
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Argon etching) as compared to surface layer while the iron percentage decreases which 
shows iron has active contribution in surface layer formation. 
Figure 4.28 represents the fitting of Fe2p, Cr2p and Mo3d core level spectra of both 
sintered samples. Based on binding energy values, the oxidation states of the elements were 
determined. Figure 4.28(a) & (b) shows that the oxidation states of iron present in S-800 
are Fe(II) and Fe(III) while on S-900, it is present as Fe0 (metallic) and Fe(III). From 
Figure 4.28(c) & (d), it is found that Chromium is present as Cr(III) and Cr(VI) in S-800 
and its oxidation state on S-900 are Cr0(metallic) and Cr(III). In Figure 4.28(e) & (f), it is 
observed that the oxidation states of Molybdenum in S-800 are Mo0(metallic), Mo(V) and 
Mo(VI) while in S-900, it is available as Mo0(metallic), Mo(IV) and Mo(VI). 
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Figure 4.26 XPS survey scan spectra after immersing samples in 3.5%NaCl solution for 27 hours. 
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Figure 4.27 Atomic percentage of elements contribution in surface layer formation when exposed to 3.5%NaCl 
solution for 27 hours. 
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Figure 4.28 XPS analysis of Fe2p, Cr2p and Mo3d surface films formed after immersing samples in 
3.5%NaCl solution for 27 hours. 
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Table 4.9 summarized the fitted data which include; characteristic binding energy of fitted 
peaks, existing chemical state and FWHM value of fitted peak. The identified oxidation 
states agree well with literature[83,97–102]. It is observed that in S-800, Chromium ions 
form hydroxide (Cr(OH)3) and hexavalent oxide (CrO6) over substrate which have limited 
protection against corrosion species attack as compared to Chromium trivalent (Cr2O3) 
oxide. Also, no evidence of formation of passive Chromium trivalent oxide (Cr2O3) is 
detected in S-800, which is one of the reasons of its weak corrosion resistance as observed 
in Electrochemical testing. 
Figure 4.29 Atomic percentage of different oxidation states present at surface layer after 
exposing to 3.5%NaCl solution for 27 hours is a graphical representation of atomic 
percentage of alloying elements contribution in the surface layer formation with respect to 
their existing oxidation states. It is found that more than half of S-800 is covered with 
oxides of iron while the remaining portion is covered with non-protected chromium oxides 
with negligible amount of molybdenum species. The absence of any metallic state shows 
formation of thick oxide layer over S-800 which reflects its poor corrosion resistance in 
exposed solution. It is observed that in S-900, half of detected oxidation states are metallic 
state (i.e. Fe0, Cr0 and Mo0) which shows a formation of very thin protective oxide layer 
over substrate having dimension less than attenuation depth (~ 10nm) of XPS. The presence 
of passive chromium oxide (Cr2O3) layer in S-900 is responsible for this protective 
behavior. The presence of Fe(III) oxidation state shows that some oxidation occurred at the 
surface of the sample. It is also observed that Molybdenum contribution in S-900 surface 
layer formation is less. 
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Table 4.9 Summary of XPS analysis after exposing samples in simulated seawater (3.5%NaCl) 
Peak 
(3.5%NaCl) 
Binding 
Energy 
(eV) 
± 0.4 
FWHM 
(eV) 
± 0.4 
Oxidation State Relative 
atomic 
Percentage 
(%) 
S-800 
± 5 
Relative 
atomic 
Percentage 
(%) 
S-900 
± 5 
Fe2p3/2 706.7 1.64 Fe (metallic) 0.0 43.45 
710.8 3.37 Fe+3 (Fe2O3) 35.7 33.4 
714.37 3.37 Fe+2 – coexist 
with Fe+3 
 
28.3 
0.0 
719.37 3.37 Magnetite(Fe3O4) 
representing 
satellite  
0.0 
Cr2p3/2 574 1.56 Cr (metallic) 0.0 5.3 
576.58 3.37 Cr+3 (Cr2O3) 0.0 15.7 
577.4 2.90 Cr+3 Cr(OH)3 24 0.0 
580.25 3.37 Cr+6 (CrO3) 10 0.0 
Mo3d5/2 227.43 1.45 Mo (metallic) < 2 < 2 
228.5 1.98 Mo+4 0.0 < 2 
232.08 1.37 Mo +5 < 2  
233.23 2.85 Mo+6 < 2 < 2 
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It was observed that the grain and crystallite size of sintered samples are different to each 
other. S-800 has smaller crystallite as well as grain size than S-900 which is due to higher 
sintering temperature of later sample which favors grain growth. It was reported [30] that 
nano-crystallization affects corrosion properties. The increase and decrease of corrosion 
resistance properties with nano-crystallization depends on corrosion surface product. It was 
also reported that the composition of passive film also depends on nano-crystallization. In 
our work, the change in corrosion performance and difference in chemical composition of 
passive layer formed on the surface of the samples as observed in XPS analysis is due to 
nano-crystallization. Other important factors which possibly affect corrosion resistive 
properties are; size and composition of second phase, presence of porosity, sintering 
temperature, surface products size, morphology and distribution, etc. 
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5 CHAPTER 5 
CONCLUSIONS & FUTURE RECOMMENDATIONS 
5.1 Conclusion 
  
The corrosion resistance of FeCrMo-based sintered alloy was analyzed in an industrially 
challenging chloride environment in comparison to conventional austenitic stainless steel 
and carbon steel. Two chloride solutions; 1NHCl and simulated seawater (3.5%NaCl 
solution) having acidic and neutral pH respectively, were selected to study the corrosion 
resistive performance of sintered samples. Samples were fabricated through spark plasma 
sintering technique at two sintering temperatures; 800°C and 900°C. The initial powder 
has amorphous structure while x-ray diffraction analysis of sintered alloys represents the 
precipitation of nanocrystallization of Cr23C6 and (Cr,Fe)2B phases in body centered 
FeCrMo matrix. SEM analysis shows that secondary phases grow with increasing sintering 
temperature. The main conclusion of this study are: 
• In 1NHCl, the sample sintered at lower temperature shows better corrosion 
resistance as compared to sample sintered at higher temperature while conventional 
alloys have inferior corrosion resistance than sintered alloys.  
• The observed evidence of better corrosion resistance of sample sintered at lower 
temperature are; formation of thicker oxide layer, presence of uniform surface 
oxide products and formation of passive chromium oxide.  
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• In simulated seawater (3.5%NaCl solution), austenitic stainless steel has better 
corrosion resistance as compared to sintered alloys while among sintered alloy, 
sample sintered at lower temperature has inferior corrosion resistance as compared 
to sample sintered at higher temperature.  
• The possible reasons to describe the observed behavior of a sample sintered at lower 
temperature are; inability to form a uniform oxide products while it is present on 
sample sintered at higher temperature, formation of chromium hexavalent oxide 
(CrO3) instead of passive chromium oxide (Cr2O3) which is found on sample 
sintered at higher temperature.  
• Other general reasons which affect the corrosion resistive performance of sintered 
alloys are, presence of porosity, nanocrystalliztion which increases the surface 
reactivity and facilitate the formation of surface oxide products, and grain size. 
 
5.2 Future Recommendations 
  
• It is reported that amorphous structure of initial powder can be retained when 
applied pressure is around 70MPa in spark plasma sintering. It is interesting to 
sinter samples at such a pressure and study the effect of amorphous structure on 
corrosion resistive performance.  
• Ball milling can increase amorphous characteristic of initial powder and may have 
effect on glass transition temperature. It will be a valuable study to evaluate the 
corrosion performance of sintered samples fabricated after high energy ball milling 
of initial powder. 
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